Carotid angioplasty is associated with adverse events in elderly patients; it is unclear whether this is related to an altered inflammatory axis. The carotid arteries of young (6 months) or aged (22-24 months) Fischer 344 rats were balloon injured. Aged rats had reduced lumen area (0.18 ± 0.03 vs 0.24 ± 0.01 mm 2 , p = .02) and increased neointimal thickening (0.15 ± 0.04 vs 0.08 ± 0.03 mm 2 , p = .006). Aged rats had increased circulating monocytes (96 ± 21 vs. 54 ± 7; p = .002) as well as increased numbers of monocytes at the post-angioplasty site. Aged rats had sustained monocyte chemotactic protein-1 expression after angioplasty but young rats did not. Aged arteries also exhibited defective vasorelaxation and abnormal eNOS localization. Aged (≥80 years) human patients with high-grade carotid stenosis had increased number of monocytes (9.1% ± 0.4%) compared with younger (65-80 years) patients (8.1% ± 0.3%, p = .013). Aged rats develop neointimal hyperplasia after carotid angioplasty with increased numbers of monocytes, and elderly humans with carotid stenosis have increased numbers of circulating monocytes. These preliminary results may suggest a role for monocytes in the response to carotid angioplasty.
D
ESPITE technological advances in carotid artery angioplasty and stenting (CAS), elderly patients continue to have inferior outcomes after CAS in comparison to younger patients, with higher rates of stroke (1) (2) (3) (4) (5) (6) . For example, the Carotid Revascularization Endarterectomy versus Stenting Trial showed that elderly patients had an approximately eightfold increased risk of complications compared with younger patients (1, 2) . Because increasing age is a major risk factor for the development of vascular disease and the numbers of elderly patients continue to increase, the question as to how to best treat carotid disease in elderly patients remains unanswered and controversial (7) (8) (9) (10) .
Lumen reduction and restenosis following arterial injury are mediated by both neointimal hyperplasia as well as inward remodeling (11, 12) . Neointimal hyperplasia reduces lumen area by increasing the area of the intima, delimited by the internal elastic lamina, via a space-occupying lesion; the immediate response to injury induces a cascade of cytokine and inflammatory mediators from platelets, endothelial, and smooth muscle cells (SMC), stimulating SMC proliferation and migration into the intima, synthesizing, and secreting extracellular matrix to increase the intimal area with both cells and matrix (13) (14) (15) (16) (17) . However, lumen reduction may also be mediated by "inward" or "negative" remodeling, the reduction in vessel size as measured by smaller area delimited by the external elastic lamina. Inward vessel remodeling is an endothelial-dependent compensatory response to chronic low blood flow and shear stress (18) (19) (20) (21) ; multiple studies suggest that inward remodeling is a significant factor and must be treated successfully to address clinically significant restenosis (22) (23) (24) (25) (26) (27) (28) .
Few studies address the effects of aging on neointimal hyperplasia and inward remodeling. Torella and colleagues (29) reported the results of balloon angioplasty performed in young and aged Wistar rats. This study showed that aged Wistar rats have reduced neointima but significantly increased inward remodeling compared with young rats; in addition, aged rats have reduced rates of endothelialization, reduced Akt and eNOS activation and expression, and increased apoptosis, suggesting that aging decreases the capacity of vascular arterial cells to survive and proliferate after injury (29) . However, this study does not suggest a mechanism by which elderly patients have increased adverse events after CAS. In addition, it is unclear whether results in Wistar rats are applicable to humans; studies using the Fischer 344 rat, a commonly used and validated animal model of aging (30) , have shown increased neointimal hyperplasia after endothelial injury in aged compared with young rats (31) .
We have previously shown that elderly patients have increased arch calcification, a potential long-term result of inflammation within the vascular wall (32) . In addition, we have previously shown that symptomatic carotid plaques are inflammatory (33) . Therefore, we hypothesized that the increased number of adverse events after CAS in elderly patients may be related to increased inflammatory cells at the site, leading to a more friable postangioplasty site. It has been previously reported that aged arteries and SMC contain more monocyte chemotactic protein (MCP)-1 and CC chemokine receptor-2 (CCR-2) mRNA and protein compared with younger arteries (34) . MCP-1 is a CC chemokine expressed by macrophages, endothelial cells, and SMC that binds to CCR-2 (35, 36) . The role of MCP-1 and its receptor CCR-2 in neointimal formation have been extensively studied in experimental models of mechanical vascular injury (37) . Therefore, we examined whether the transcription of MCP-1 and CCR-2 is differentially altered in young and aged animals after balloon angioplasty and whether these alterations are associated with differential deposition of monocytes at the angioplasty site.
Materials and Methods

Animals
All experiments were approved by the Institutional Animal Care and Use Committee at the Yale University School of Medicine. Young (6-months) and aged (22-24-months) Fischer 344 rats were obtained from the National Institute of Aging Rodent Colony (Bethesda, MD). Rats were raised in pathogen-free conditions at the National Institute of Aging and housed locally at least 1 week prior to surgery. Rat balloon angioplasty was performed, as previously described (38) . Briefly, under general anesthesia, the right internal and external carotid arteries were exposed and a 2F Fogarty balloon catheter was inserted in retrograde fashion via an arteriotomy made in the right external carotid artery. The balloon was inserted into the appropriate position of the common carotid artery, and the balloon was inflated to 2 atmospheres for 1 minute and then deflated for 1 minute and then repeated for a total of three times. The balloon was removed and the external carotid artery ligated. The injured carotid artery was harvested and examined 3 days or 2 weeks postoperatively. In some animals, samples of whole blood were collected from the heart immediately prior to specimen harvesting, as previously described (39) . Contralateral common carotid arteries were used for control.
Histological Analysis
For histological analysis, animals were exsanguinated under anesthesia and specimens were collected using pressure perfusion fixation, as previously described (39) . The harvested carotid artery was fixed in 10% formalin and embedded in paraffin. All sections were stained with hematoxylin and eosin as well as Masson's trichrome stain. For immunohistochemical staining, all sections were treated with Proteinase K solution for antigen retrieval, subsequently permeabilized with 0.3% Triton X-100 phosphatebuffered saline, and blocked with 3% normal goat serum containing phosphate-buffered saline. Sections were then incubated with the primary antibody: Monoclonal Anti Alpha Smooth Muscle Actin (Sigma-Aldrich), non-muscle Myosin Heavy Chain (NM-MHC; Abcam), or F4/80 (AbD Serotec). Immunohistochemical detection was performed using DAB as well as NovaRED substrate (Vector). Sections were counterstained with Mayer's hematoxylin. Morphological analysis was measured by computer morphometry using Image J software (NIH), and signal density of immunohistochemical stains was measured in blinded fashion using Metamorph software (Molecular Devices, Sunnyvale, CA).
In Situ Whole Mount Staining
Whole mount staining for en face observation was performed, as previously described (40) . The common carotid arteries were harvested and fixed with cooled 4% paraformaldehyde, permeabilized with 0.3% Triton X-100 phosphate-buffered saline, and blocked with 3% normal goat serum containing phosphate-buffered saline. The arteries were probed with rabbit anti-eNOS antibody and mouse anti-GM130 antibody (BD Transduction Laboratories). Alexa Fluor 488 anti-rabbit IgG and 568 anti-mouse IgG (Invitrogen) were used as secondary antibodies. Stained carotid arteries were opened under a dissection microscope and immediately captured images with an Axioimager A1 (Carl Zeiss) under identical conditions.
Real-Time Reverse Transcription-Polymerase Chain Reaction
The harvested carotid artery was immediately processed by snap freezing with liquid nitrogen and transferred to −80°C storage. Total RNA was extracted by TRIzol Reagent (Invitrogen), and RNA was cleaned using the RNeasy Mini Kit with DNase-I (Qiagen) following the manufacturer's instructions. Total RNA concentration and purity were measured with a spectrophotometer with absorbance at 260 nm. RNA quality was confirmed by the 260/280 nm absorbance ratio.
First strand cDNA was synthesized by Superscript III Reverse Transcriptase (Invitrogen). Quantitative polymerase chain reaction was performed with SYBR Green Master Mix (Bio-Rad). Primers for genes of interest were designed by Primer-BLAST at the National Center for Biotechnology Information Web site (Table 1) . Amplification specificity was confirmed by 2% agarose gel electrophoresis, and primer efficiencies were determined by melting curve analysis. All data were normalized by GAPDH as internal standard.
Measurement of Isometric Vessel Tension
The isometric tension was measured in uninjured young and aged common carotid arteries, as previously described (40) . Dissected common carotid arteries were cut into 3 mm-long segments. The rings are suspended by two tungsten wires mounted in a vessel myograph system (Danish Myotechnologies). The arteries were bathed in oxygenated Krebs buffer and submitted to a resting tension of 3 mN. After equilibration, concentration-response curves for high potassium (KCl) and phenylephrine (PE; 10 −9 to 10 −4 mol/L) were generated. To study vasodilator responses, the rings were preconstricted with submaximal concentrations of KCl (35 mM) and PE (1 mM), and acetylcholine (Ach; 10 −9 to 10 −4 mol/L) was added at the plateau of the PE-induced contraction.
Human Monocyte Counts
After informed consent was obtained, serum was drawn from patients prior to undergoing carotid endarterectomy at St. Mary's Hospital (Waterbury, CT). Patients were considered to be younger if they were less than 65 years old, older if they were 65-80 years old, and elderly if they were more than 80 years old. Monocyte counts were determined as part of the differential count using a Beckman Coulter LH780 Analyzer.
Statistical Analysis
Statistical analysis was carried out with StatView version 5.0 (SAS Institute, Cary, NC). Results are presented as mean value ± SEM, and statistical significance was determined using analysis of variance with post hoc tests analyzed by Fisher's Protected Least Significant Difference (PLSD) test with the value of p ≤ .05 considered to be statistically significant.
Results
Increased Neointimal Thickness After Angioplasty in Aged Rats
Beccause elderly human patients, that is, greater than 80 years old, have worse clinical outcome after balloon angioplasty of the carotid arteries compared with younger patients, the morphology of carotid arteries derived from young and aged Fischer 344 rats, before and after balloon angioplasty, was examined (Figure 1 ). At baseline, carotid arteries in aged rats were slightly larger than carotid arteries in young rats ( Figure 1A and B) . Two weeks after balloon angioplasty, both young and aged carotid arteries had similar vessel areas (aged: 0.49 ± 0.02 mm 2 ; young: 0.4 ± 0.02 mm 2 ; p = .2; n = 5-6; Figure 1A and B). However, after angioplasty, aged carotid arteries had significantly reduced lumen area (aged: 0.18 ± 0.03 mm 2 ; young: 0.24 ± 0.01 mm 2 ; p = .02; Figure 1A and C), corresponding to increased neointimal thickening compared with young carotid arteries (aged: 0.15 ± 0.04 mm 2 ; young: 0.08 ± 0.03 mm 2 ; p = .006; Figure 1A and D). The intima:media ratio was also increased in aged arteries compared with young arteries (0.94 vs 0.58). These results are consistent with preserved Glagov's phenomenon in young but not aged carotid arteries, that is, aged arteries failed to remodel outwardly to preserve lumen blood flow (41) .
To determine the effect of balloon angioplasty on SMC in young and aged carotid arteries, the carotid arteries were examined with immunohistochemistry ( Figure 2 ). There were no differences between young and aged SMC in control arteries examined by histology (Figure 2A-C) . Following balloon angioplasty, there were increased numbers of intimal SMC in both young and aged arteries, although the density of alpha-actin staining was not as intense in the intima of aged arteries compared with young arteries ( Figure 2B ). This reduced intimal alpha-actin density in aged arteries may be due to the presence of immature NM-MHC-positive SMC in aged intima, whereas these immature SMC are not present in young intima [ Figure 2A (42) ]. The number of SMC was reduced in the media of both young and aged arteries, although there was no difference in the reduction between young and aged arteries (p = .07; Figure 2C ). To confirm the reduction in SMC after angioplasty, we examined the expression of the arterial marker Ephrin-B2 before and after angioplasty (39, 43, 44) . There was a trend toward reduced expression of Ephrin-B2 in both young and aged arteries after angioplasty ( Figure 2D ), which may reflect the loss of SMC after angioplasty observed with immunohistochemistry ( Figure 2A-C) ; however, lack of statistical significance of reduced Ephrin-B2 expression may also reflect expression of Ephrin-B2 in endothelial cells, and we did not measure potential differences in the rates of post-angioplasty reendothelialization between young and aged rats. Taken together, these data show that the response to balloon angioplasty in aged Fischer 344 rats differs from that in younger rats, and these differences in aged rats, that is, increased neointima composed of immature SMC with concomitant failure to remodel outwardly, suggest structural changes in aged arteries that could be associated with adverse events after angioplasty.
Increased Monocyte Infiltration in Aged Rats After Angioplasty
Since it has been previously reported that aged arteries and SMC contain more MCP-1 and CCR-2 mRNA and protein compared with younger arteries (34), we examined whether there were increased numbers of circulating monocytes in aged animals compared with younger animals. We have previously shown that young and aged Fischer 344 rats have similar heart rates, blood pressure, and cardiac output, as well as similar carotid artery diameter, flow, shear stress, and compliance at baseline, that is, prior to intervention (39) . Examination of the blood count taken from young and aged rats before angioplasty is shown in Table 2 . There was no difference in mean hemoglobin (14.7 ± 0.1 vs. 13.5 ± 0.7, p = .11) or platelet count (811 ± 30 vs. 887 ± 54, p = .26) between young and aged rats. The only significant difference was the elevated number of circulating monocytes present in aged rats (Table 2 ). Three days after angioplasty, there was a trend toward increased numbers of circulating monocytes in aged rats (5% ± 1.7%) compared with young rats (2% ± 0.5%), but this increase was not significant (p = .104). The increased number of circulating monocytes present in aged rats suggests that monocytes may play a role in different response to angioplasty in young and aged rats. To determine whether there is a difference in infiltrating monocytes at the site of angioplasty, young and aged rat carotid arteries were examined 3 days after angioplasty. Immunohistochemistry showed increased numbers of monocytes at the site of angioplasty in aged rats ( Figure 3A) . Because aged rats have increased numbers of monocytes after angioplasty compared with young rats, we examined whether MCP-1, the monocyte protein that attracts monocytes into arteries, or its endothelial receptor CCR-2 were differentially expressed. There was increased basal expression of MCP-1 in aged rats compared with young rats (Figure 3B) , consistent with the increased numbers of circulating monocytes in aged rats (Table 2) . MCP-1 was increased in both young and aged rats early (Day 3) after balloon angioplasty; MCP-1 levels returned to baseline in young rats but remained elevated in aged rats ( Figure 3B) , consistent with the finding of increased monocytes at the site of angioplasty in aged rats ( Figure 3A) . On the other hand, basal expression of CCR-2, the receptor for MCP-1, was similar between young and aged rats at baseline ( Figure 3C ). After balloon injury, young arteries have increased expression of CCR-2 by Day 14, whereas aged arteries have diminished expression of CCR-2 ( Figure 3C ).
Because CCR-2 receptors are present on the arterial endothelium, diminished expression of CCR-2 after angioplasty in aged rats but not young rats suggests either significant endothelial dysfunction in aged endothelium or significant residual endothelial denudation after angioplasty in the aged arteries. To determine whether there was any basal endothelial dysfunction in aged arteries compared with young arteries, uninjured young and aged arteries were examined with a myograph. Both young and aged arteries showed endothelial-dependent constriction in response to phenylephrine ( Figure 4A ), but aged arteries showed significant impairment of vasorelaxation in response to acetylcholine ( Figure 4B ). These results suggest that endothelium is present at 28 days after balloon injury but that aged rats have basal endothelial dysfunction. To confirm endothelial dysfunction in aged arteries, we examined the localization of eNOS in young and aged arteries. Immunofluorescence showed that aged arteries had impaired localization of eNOS in aged arteries compared with young arteries, with reduced colocalization to the Golgi apparatus ( Figure 4C ) and caveolae (data not shown) in aged arteries. Abnormal localization of eNOS in aged endothelium is consistent with endothelial dysfunction in aged arteries.
Increased Circulating Monocytes in Elderly Humans With Carotid Stenosis
These results suggest that monocytes may play a role in the differential response of young and aged animals to balloon angioplasty. To determine whether this response may play a role in the human response to angioplasty, serum was evaluated from human patients with significant carotid stenosis prior to surgical intervention. Because clinical reports of inferior outcome of carotid angioplasty in elderly patients are generally cited for patients over 80 years old, patients were grouped into three groups: younger patients (<65 years old), older patients (65-80 years old), and elderly patients (>80 years old). The mean age of younger patients (n = 18) was 60.3 ± 1.3 years, older patients (n = 95) was 73.1 ± 0.5 years, and the mean age of elderly patients (n = 52) was 85.8 ± 0.5 years (p < .0001). Elderly human patients (>80) with carotid stenosis had increased number of circulating monocytes compared with older (65-80 years) patients (p = .025, post hoc test; Table 3 ). These results suggest that monocytes may also play a role in the differential response of younger and elderly humans following balloon angioplasty.
Discussion
We show that aged Fischer 344 rats have increased neointimal hyperplasia after balloon injury compared with the neointima that forms in younger rats, with a neointima composed, at least in part, of immature SMC. In addition, aged 
Note: WBC = white blood cell. rats exhibit increased circulating monocytes compared with young rats, and after angioplasty, there are increased numbers of monocytes found at the injured site, colocalizing with increased MCP-1 expression. Diminished CCR-2 expression in aged rats, abnormal vasorelaxation, and abnormal endothelial eNOS localization suggests basal endothelial dysfunction in aged arteries. Finally, aged human patients with carotid stenosis have increased numbers of circulating monocytes compared with younger patients.
Balloon injury induces SMC and adventitial fibroblasts to migrate into the intima, forming the neointimal lesion (45) . A previous report examining the response to balloon injury in aged Wistar rats demonstrated negative remodeling with minimal neointimal hyperplasia (29) . As this study was performed in Wistar rats, it is not clear whether this represents the typical response associated with aging. Studies of wire injury in the carotid artery of aged mice show increased neointimal hyperplasia, increased platelet-derived growth factor receptor-a expression, increased SMC proliferation in response to platelet-derived growth factor-BB, and diminished apoptosis compared with young mice (46) . As such, the effects of aging on the response to arterial injury are not clearly established. We use the Fischer 344 rat, a validated animal model of aging that reflects some of the changes present during human aging (30) . We show increased neointimal hyperplasia without negative remodeling in response to arterial injury (Figures 1 and 2 ), which agrees with the findings in mice (46) . Of significance, all of these studies including this one show that aging is accompanied by a pathological remodeling response compared with that present in young adult arteries. As such, it is possible that the arterial environment may remodel abnormally after CAS when performed in elderly patients and may be a source of adverse events in elderly patients with other predisposing factors.
We believe that the host inflammatory axis is a critical aspect of the remodeling response. Regulation of inflammatory genes after balloon injury has been reported (47). Inflammation after balloon injury is likely to induce production of reactive oxygen species and endothelial dysfunction. As such, it is not surprising that adenovirus delivery of superoxide dismutase and catalase decreases restenosis after balloon angioplasty (48) . Furthermore, our group has shown that flow-mediated arterial remodeling depends on superoxide-initiated MyD88-dependent inflammation (49) . We have also recently shown that arterial remodeling in mice to hemodynamic stresses critically depends on IP-10-and CXCR3-dependent accumulation of macrophages (50) . As such, the link between arterial remodeling and inflammation is becoming established. These studies support such a concept, in that aging is associated with abnormal vascular responses (Figure 4) as well as abnormal accumulation of monocytes at the site of injury (Figure 3) . A critical role for monocytes in the development of restenosis after angioplasty has been shown (51) .
In addition, our finding that aged rats have increased number of circulating monocytes prior to injury (Table 2) as well as basal arterial endothelial dysfunction (Figure 4 ) is also in agreement with this hypothesis; additional cell types, such as T cells or dendritic cells, should also be analyzed in future studies. Taken together, all these data suggest that strategies to control inflammation may promote more physiological remodeling after angioplasty in elderly patients and possibly diminish post-CAS events. It is tempting to speculate that such anti-inflammatory agents may improve the results of post-CAS remodeling just as statins have reduced post-CEA events (52) .
We also demonstrate that elderly human patients (≥80 years old) with significant carotid stenosis have higher monocyte counts compared with patients 65-80 years old (Table 3 ). These data suggest that elderly human patients may have a different potential to remodel carotid plaques after angioplasty compared with patients <80 years old. Although we were not able to assess the monocyte counts of patients with carotid stenosis undergoing carotid angioplasty and stenting due to the expected extremely few numbers of elderly patients currently undergoing this procedure, we were able to assess a comparable group of patients, that is, those with carotid stenosis undergoing carotid endarterectomy. Therefore, we believe that these data are relevant to this study. Interestingly, younger patients, that is, patients with aggressive atherosclerotic disease, also had elevated circulating monocytes (Table 3) ; younger patients have also been noted to have increased restenosis after CEA (53, 54) . As such, both very young and elderly patients have inferior outcomes compared with the majority of middle-aged patients undergoing CEA, and both of these groups have elevated monocytes compared with the majority of patients. Future studies will need to prospectively assess the correlation of age and monocyte count with outcomes following the procedure.
We show that aged rats have increased numbers of monocytes incorporated into the vessel wall following balloon angioplasty and that elderly humans with carotid stenosis have increased numbers of circulating monocytes compared with younger patients. Correlation of animal data with human data should be made with caution; if these results can be repeated, then they suggest that monocytes may play a role in remodeling after carotid angioplasty and that monocytes may be relevant to the clinically worse results of elderly patients after this procedure. 
